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Abstract: Automatic focusing is a crucial research issue for achieving high-quality recon-
structed images in digital holographic microscopy. This paper proposes an automatic
focusing method that combines the discrete cosine transform (DCT) sparse dictionary
with edge preservation index (EPI) criteria for off-axis digital holographic microscopy.
Specifically, within a predefined search range, Fresnel transform is utilized to reconstruct
the off-axis digital hologram, yielding reconstruction images at various reconstruction
distances. Synchronously, the DCT sparse dictionary is employed to reduce speckle noise,
and the EPI is calculated between the denoised image and original image. The value of
EPI is used as an indicator for assessing the focal position. A single-peak focusing curve
is obtained within the search range 10 mm, with a step size of 0.1 mm. Once the optimal
focus position is determined, a focused and noise-reduced reconstructed image can be
simultaneously achieved.

Keywords: digital holographic microscopy; automatic focusing; discrete cosine transform
sparse dictionary; edge preservation index

1. Introduction
Digital holography (DH) and digital holographic microscopy (DHM) utilize computer

algorithms to numerically reconstruct the hologram, thereby obtaining the complex ampli-
tude information of the recorded object [1]. DH has been employed in various fields such
as quantitative phase imaging, micro/nanoscale detection, optical instrument manufac-
turing, multiphase reactive/nonreactive flows and morphology measurement [2–8]. DH
can automatically determine the optimal reconstruction distance through various focusing
algorithms, significantly enhancing the clarity and resolution of the reconstructed image.
Therefore, researching algorithms suitable for the autofocusing of reconstructed images in
DH has emerged as one of the critical issues that need to be tackled [9–21]. The primary
automatic focusing methods utilized for digital holographic reconstruction images can be
categorized into the following three types. (1) Methods based on image sharpness evalua-
tion: these methods seek the optimal focus position by calculating sharpness evaluation
metrics of the reconstructed images at varying reconstruction distances [9–14]. However,
these methods are susceptible to noise interference and sensitive to the complexity of image
content, necessitating further enhancements in focusing accuracy. (2) Methods based on
phase retrieval: these methods employ iterative algorithms to recover phase information,
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thereby determining the optimal focus position [15–17]. Although these methods can pro-
vide relatively precise depth information, they involve high computational complexity and
demand accurate initial phase estimation. (3) Methods based on deep learning: researchers
have attempted to incorporate deep learning technologies such as convolutional neural
networks (CNNs) into the automatic focusing of digital holographic reconstructions [18–21].
These methods can learn the intricate mapping relationship between image features and
focus positions, enabling fast and accurate focusing. Nevertheless, deep learning models
require substantial amounts of training data and often exhibit poor interpretability.

Meanwhile, due to the interference effects of coherent light sources, speckle noise
inevitably arises, which significantly degrading the image quality of the reconstructed
image. Several denoising algorithms have been utilized for reducing speckle noise in
digital holographic reconstruction images, primarily grouped into three categories: those
based on the spatial domain [22–25] those based on the transform domain [26–28] and
those based on deep learning [29–32]. In 2023, an over-complete block discrete cosine
transform (DCT) sparse dictionary was utilized for phase denoising in DHM reconstruction
images [33]. Compared to traditional filtering methods, this approach exhibits superior
denoising performance, detail preservation, and higher processing efficiency.

Generally speaking, the two issues of automatic focusing and speckle noise reduction
are typically studied separately. In contrast, this paper attempts to utilize noise reduction
methods for auto-focusing, in conjunction with a certain focusing evaluation function, to
achieve automatic focusing of reconstructed images in DHM.

This paper proposes an automatic focusing scheme for off-axis DHM that combines
the DCT sparse dictionary with edge preservation index (EPI) criteria. Specifically, within
a predefined search range, the Fresnel transform is utilized to reconstruct the off-axis
digital hologram, yielding reconstruction images at various reconstruction distances. Syn-
chronously, the DCT sparse dictionary is employed to reduce speckle noise, and the EPI
is calculated between the denoised image and original image. The value of EPI is used
as an indicator for assessing the focal position. By doing so, a single-peak focusing curve
is obtained within the search range 10 mm, with a step size of 0.1 mm. Once the optimal
focus position is determined, a focused and noise-reduced reconstructed image can be
simultaneously achieved.

2. Off-Axis Digital Fresnel Hologram Reconstruction
In digital holography, the discretized digital hologram, denoted as I(p,q), can be

formulated as follows,

I(p, q) = I(x, y)× rect(
x

Lx
,

y
Ly

)×
M

∑
p=1

N

∑
q=1

δ(x − p∆x, y − q∆y) (1)

where I(x,y) denotes the light intensity distribution of the hologram generated by the
mutual interference between the object light and the reference light. M and N denote the
number of pixels on the CCD plane in the x and y directions, respectively, with 1 ≤ p ≤ M
and 1 ≤ q ≤ N. Lx and Ly denote the sizes of the CCD in the x and y directions, respectively.
∆x and ∆y denote the size of a single pixel on the CCD in the x and y directions, respectively.
The relationships between these parameters are Lx = M∆x and Ly = N∆y. The last term
δ(x−p∆x, y−q∆y) denotes a 2D Dirac comb function (also called sampling function). This
describes a regular sampling grid in a 2D plane with intervals (∆x, ∆y), generating a
discrete array of sampling points. When the holographic optical recording conditions
satisfy the Fresnel approximation conditions, the Fresnel approximation can be utilized to
conduct numerical calculations on digital holograms, yielding a digital expression for the
light intensity distribution on the reconstructed image plane,
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φ(m, n, z) =
exp(i2πz/λ)
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]}

FT
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{

iπ
λz

[(p∆x)2 + (q∆y)2]

}
(2)

where z represents the reconstruction distance, and 1 ≤ m ≤ M and 1 ≤ n ≤ N. FT{}
represents the two-dimensional Fourier transform operation. During the digital hologram
reconstruction process, the digital reference light used for numerical reconstruction is set
as R(p,q) = 1. In simulations, when z equals the object distance (i.e., the distance from the
object plane to the CCD detection plane during the recording process, the reconstructed
image will be an ideally focused image. The various digital holographic autofocus methods
mentioned earlier address the problem of how to find the ideal z-value. The light intensity
distribution of the reconstructed image can be obtained by taking the modulus of the
left-hand side of the above equation,

I(m, n, z) = |φ(m, n, z)| (3)

In DH, the reconstructed image consists of three components: the real image, the conju-
gate image, and the zero-order image. For off-axis Fresnel holographic optical paths, these
three components can be well spatially separated when the angle between the reference
light and the object optical axis satisfies the condition: θ ≥ (3D/2z), where D is the width
of the object and z is the object distance. If this condition is not met, the three components
will spatially overlap, resulting in a blurred reconstructed image. Additionally, in off-axis
DH, if the reconstruction distance z used for numerical reconstruction does not match the
distance between the object and the CCD during the hologram recording process, the re-
constructed image will not be focused, resulting in a blurred image [33–35]. By introducing
a microscope objective into the off-axis digital holographic recording optical configuration,
it can be transformed into off-axis DHM, enabling the recording of digital holograms of
microscopic objects. The numerical reconstruction of the hologram can also be achieved by
Equation (2). Similarly, one of the key issues that needs to be addressed in off-axis DHM
is how to quantitatively obtain the reconstruction distance of digital holograms, thereby
achieving high-quality reconstructed image.

3. Basic Principle and Process of Denoising Image Through the
DCT Dictionary

The basic principle and process of image denoising through the combination of the
DCT dictionary and the OMP algorithm are as follows [33,36]. (1) The DCT dictionary
construction: the DCT is a commonly used image transformation method that converts im-
ages from the spatial domain to the frequency domain. In image denoising, the coefficients
resulting from the DCT transformation serve as the atoms of the dictionary, representing
fundamental patterns of different frequency components within the image. The atoms of a
fixed DCT dictionary are directly derived from the basis functions of the DCT transforma-
tion, which are typically predefined and do not vary with the image content. In this paper,
an over-complete dictionary with a redundancy of 4 is employed, consisting of 256 atoms,
resulting in a dictionary size of 64 × 256. The DCT dictionary used in this paper is shown
in Figure 1. Blue grid cells are used to represent the decomposition of an augmented image
into 256 atoms, with each grid cell representing one atom. Each of its atoms shown as
an 8 × 8 pixel image. (2) Image blocking: the noisy image is segmented into multiple
overlapping small blocks. In this paper, the image is partitioned into 8 × 8 blocks for
processing. (3) Sparse coding: for each image block, the optimized orthogonal matching
pursuit (OMP) algorithm is employed in conjunction with the DCT fixed dictionary to
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perform sparse coding, thereby identifying the optimal sparse representation coefficients.
OMP is a greedy algorithm designed to solve the problem of sparse representation co-
efficients. OMP iteratively selects dictionary atoms that best match the current residual
to gradually approximate the original signal. During each iteration, the OMP updates
the residual and selects the atom from the remaining dictionary that is most correlated
with the current residual. This process continues until a stopping criterion is met, such
as achieving a predetermined sparsity level or when the residual falls below a certain
threshold. (4) Image blocks reconstructing: each image block is reconstructed using the
sparse representation coefficients and the DCT dictionary. These image blocks are stitched
together to form a complete denoised image.
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4. Focus Evaluation Function: The Edge Preservation Index
The autofocusing evaluation function generally serves as the standard for assessing

the image clarity. The edge preservation index (EPI) is an important metric for evaluating
the edge preservation capability of an image [37]. The EPI is defined as the ratio of the
edge intensity along the horizontal direction in the denoised image to that in the original
image, as illustrated in Equation (4). D(i,j) represents the denoised image. O(i,j) represents
the original image. In this paper, the EPI is calculated and used as the vertical coordinate
value of the obtained focus curve.

EPIH =
∑300

i=1 ∑200
j=1|D(i + 1, j)− D(i, j)|

∑300
i=1 ∑200

j=1|O(i + 1, j)− O(i, j)|
(4)

5. Results and Analysis
Figure 2a illustrates the optical configuration of the transmission-type off-axis DHM

used in this paper. The light source is a He-Ne laser with a wavelength of 632.8 nm. The
laser beam is split into two paths by a beam splitter (BS1). One path is expanded and
collimated into a plane wave, serving as the reference light. The other path illuminates
the micro-object (S denotes the sample), which is then magnified by microscope objective
(MO) to form the object light. The reference light and the object light are converged by a
polarizing beam splitter (BS2), with the reference light reaching the CCD plane at a slight
incident angle relative to the object optical axis of the object light. The interference between
the object and reference lights results in an off-axis digital hologram, as shown in Figure 2b.
The parameters of the CCD camera include: a resolution of 756 × 572 pixels, a pixel size
of 8.6 µm × 8.3 µm, and a sensing area of 6.4 mm × 4.8 mm. The microscopic object is a
digit from a resolution test chart. A commercial MO with 10 × 0.25 NA is employed to
generate a magnified image. In the experiment, the magnified image is positioned between
the MO and the CCD plane, at a distance z in front of the CCD (as shown in Figure 2a).
In the process of numerical reconstruction, if the reconstruction distance is set equal to z,
a focused reconstructed image can be achieved. Furthermore, due to the configuration
of the off-axis digital holographic optical path, it is convenient to filter out the conjugate
image and zero-order image in the reconstructed image through frequency domain filtering
techniques, thereby only obtaining the real image of the recorded object.
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Figure 2. (a) The off-axis DHM optical configuration. BS: beam splitter, PH: pinhole, M: mirror, MO:
microscope objective, and S: sample. z: object distance. (b) A portion of the obtained hologram.

The process of obtaining the focus curve is as follows. Firstly, a sequence of recon-
structed images is generated along the direction of light propagation at precise intervals
of 0.1 mm within the search range of 10 mm. Synchronously, each reconstructed image
undergoes efficient noise reduction processing using the DCT dictionary, resulting in a
series of optimized, noise-reduced image sets corresponding to different reconstruction
distances. On this basis, the EPI value between the denoised image and the original image
at each reconstruction distance is calculated and used as the vertical coordinate of the focus
curve. Next, a continuous graph is plotted, depicting the relationship between the EPI
values and their respective reconstruction distances, to create an automatic focus curve.

Figure 3a presents the obtained autofocus curve for the off-axis digital holographic
microscopic reconstructed image. It can be observed that, with a step size of 0.1 mm and
within a search range of 10 mm, the resulting focus curve exhibits good unimodality. The
optimal focus distances extracted from the minimum values of the focus curves is 400.5 mm.
For comparison, Figure 3b presents the focus curves obtained using three other focusing
methods. The definitions of these three focus functions can be found in Equations (5)–(7).
Among them, VAR stands for the variance of gray value distribution, GRA represents the
absolute gradient computation, and LAP denotes the Laplacian filtering algorithm [14].
VAR, GRA, and LAP exhibit fundamental differences in their operational principles. VAR
quantifies global contrast through intensity dispersion. GRA measures edge sharpness via
gradient magnitudes. LAP characterizes textural details using second-order derivatives.

VAR =
1

MN∑M
m=1 ∑N

n=1

[
I(m, n)− I

]2, (5)

GRA = ∑M
m=2 ∑N

n=2

√
[I(m, n)− I(m − 1, n)]2 + [I(m, n)− I(m, n − 1)]2, (6)

LAP = ∑M
m=2 ∑N

n=2[I(m + 1, n) + I(m − 1, n) + I(m, n + 1) + I(m, n − 1)− 4I(m, n)]2. (7)
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Figure 3. The obtained autofocus curve for the reconstructed images in off-axis DHM. (a) corre-
sponds to the DCT dictionary-based denoising with edge preservation index criteria method, and
(b) corresponds to the VAR, GRA, and LAP evaluation functions.
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As can be seen from Figure 3b, with a step size of 0.1 mm and within a search range
of 10 mm, these three focus curves exhibit multiple peaks, failing to meet the criteria of
unimodality. Generally speaking, the focus evaluation curve needs to meet the criteria of
unimodality and convergence. The optimal focus distances extracted from the minimum
values of the focus curves corresponding to the VAR, GRA, and LAP evaluation functions
are 400.6 mm, 400.5 mm, and 400.7 mm, respectively. In contrast, the focus curve derived
from the focus evaluation function proposed in this paper exhibits good unimodality.

To further explain why the focus curves obtained exhibit unimodality character-
istics, and to provide a comprehensive comparison of the image quality of the recon-
structed images before and after noise reduction, the synthesis results are given in Figure 4.
Figure 4a,d and g show the reconstructed images of the off-axis DHM before and after
noise reduction, when the reconstruction distance z is set to 396 mm, 400.5 mm and 404 mm,
respectively. Among them, z = 400.5 mm is the optimal reconstruction distance obtained by
the proposed focusing algorithm in this paper. By comparing the noise image and denoised
image shown in Figure 4a,d,g, a notable enhancement image quality in denoised image
can be seen, including the preservation of details, sharpening of edges, and significant
reduction in noise. The data corresponding to row 192 and column 100 in Figure 4a,d,g are
extracted and plotted as graphs to illustrate the detailed changes in the images along the
horizontal and vertical directions. Specifically, the curve data in Figure 4b,c are derived
from Figure 4a. The curve data in Figure 4e,f are derived from Figure 4d. The curve data
in Figure 4h,i are derived from Figure 4g. Among them, the black dashed line represents
the data of noise image, while the red solid line represents the data of denoised image.
These graphs provide a detailed analysis of the local features of the reconstructed images
before and after noise reduction at each reconstruction distance. For instance, comparing
the black and red curves, the black curve exhibits many random fluctuations (i.e., caused
by noise), while the red curve is much smoother. These validate the effectiveness of the
DCT dictionary learning-based image denoising method.

Next, let us analyze the red solid line data and black dashed line data within the
green circles in Figure 4b,e,h, as well as the red solid line data and black dashed line data
within the blue circles in Figure 4c,f,i. It can be observed that the red lines at the optimal
reconstruction distance of z = 400.5 mm (see Figure 4e,f) exhibit a smoother profile with less
fluctuation compared to the red lines at z = 396 mm (see Figure 4b,c) and z = 404 mm (see
Figure 4h,i). This indicates that at the optimal reconstruction distance of z = 400.5 mm, not
only a focused reconstructed image is obtained, but also a reconstructed image with better
noise reduction is achieved. Consequently, the overall image quality of the reconstructed
image is enhanced. At the same time, it should also be noted that: In Figure 4, there
are saturated pixel values in the black dashed curve. This saturation may affect the
quality or stability of the denoised result. However, the main purpose of this study is
to achieve the focus of the reconstructed image and obtain the optimal reconstruction
distance. For the denoising problem, in practical operation, the saturation problems can be
effectively alleviated by combining dynamic range adjustment, anisotropic filtering, and
post correction.

Once again, further analysis is conducted on the data represented by the red solid line
and black dashed line shown in Figure 4b,e,h. Due to the smoother nature of the red curve
and the higher randomness of the black curve’s fluctuations, at the optimal focus position
(z = 400.5 mm), the differences between adjacent pixels along the horizontal direction in
the denoised image are generally much smaller than those in the original noise image.
According to Equation (4), the EPI defined in this paper is the ratio of the edge intensity
along the horizontal direction in the denoised image to that in the original image before
denoising. Their ratio will be slightly smaller or relatively smaller. However, at other
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reconstruction distances (e.g., z = 396 mm and z = 404 mm), the reconstructed image itself
is blurred, and even after denoising, the image remains blurred. Consequently, it can be
seen that the extracted red and black curves will both have many random fluctuations, as
shown in Figure 4b,h. According to Equation (4), their ratio will be somewhat or relatively
larger. Therefore, the curve obtained in this paper exhibits a minimum value within the
search range.
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Figure 4. Experimental results. (a), (d) and (g), respectively, show the reconstructed images of
the off-axis DHM before and after noise reduction, when the reconstruction distance z = 396 mm,
400.5 mm and 404 mm. z = 400.5 mm is the optimal reconstruction distance obtained by the proposed
focusing algorithm in this paper. (b), (e) and (h), respectively, show the data extracted from the
192nd row of the reconstructed images shown in (a,d,g). (c), (f) and (i), respectively, show the data
extracted from the 100th column of the reconstructed images shown in (a,d,g). Among them, the
black dashed line corresponds to the data of noise image, and the red solid line corresponds to the
data of denoised image.

By combining EPI focus evaluation function with various denoising algorithms, in-
cluding the DCT-based denoising algorithm, the Gaussian denoising algorithm, the FFT
denoising algorithm, and the moving average algorithm, the resulting focusing curves are
given in Figure 5 [38–40]. It can be seen from Figure 5 that the focus curve obtained by
combining the DCT-based filtering algorithm with the EPI criterion has unimodal charac-
teristics, presents a U-shaped distribution, and has a large range of focus function values.
However, the focus curves generated by integrating other denoising algorithms with the
EPI criterion lack this crucial unimodal characteristic. This is mainly due to the fact that
the DCT denoising algorithm can preserve more edge information of the denoised im-
age. Therefore, Figure 5 effectively demonstrates the advantages of the focusing algorithm
proposed in this paper, which combines the DCT denoising algorithm with the EPI criterion.

In brief, the experimental results indicate that, with a step size of 0.1 mm and within
a broader search range of 10 mm, the obtained focusing evaluation curve exhibits better
unimodality, and simultaneously a noise-reduced reconstructed image is achieved in DHM.
This is the greatest advantage of the focus evaluation function proposed in this paper.
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Figure 5. The focusing curves obtained by combining EPI with the DCT-based denoising algorithm,
the Gaussian denoising algorithm, the FFT denoising algorithm, and the moving average algorithm.

6. Conclusions
This paper proposes an automatic focusing scheme for off-axis DHM that combines the

DCT dictionary with edge preservation index criteria. The fundamental process comprises
several key steps. Firstly, a sequence of reconstruction images is generated at precise inter-
vals within a predefined distance search range. Synchronously, speckle noise reduction is
performed using DCT dictionaries and the OMP algorithm. Next, the EPI, which quantifies
the ratio of edge intensity between the denoised and original images, is calculated and
serves as a critical indicator for focus evaluation. Finally, an automatic focusing curve is
constructed by plotting the EPI against the reconstruction distance, enabling the precise
localization of the optimal focus position. The focusing curve obtained in this paper exhibits
a good unimodality within the search range 10 mm with a step size of 0.1 mm. Once the
optimal focus position is determined, a noise-reduced and focused reconstructed image
can be simultaneously obtained.

This paper attempts to utilize noise reduction methods for autofocusing, in conjunction
with a certain focusing evaluation function, to achieve automatic focusing of reconstructed
images in DHM. By incorporating the DCT fixed dictionary to reduce speckle noise of the
reconstructed images, and calculating the EPI between the denoised and original images as
an evaluation metric, a single-peak focusing curve is obtained, enabling the determination
of the optimal reconstruction distance in DHM. In end, both the automatic focused and
denoised reconstructed images are achieved. This may be crucial for subsequent image
analysis and processing tasks.
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